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Land-use change and fintensfificatfion threaten bee populatfions worldwfide, fimperfilfing polfinatfion 
servfices. Global models are needed to better characterfise, project, and mfitfigate bees' responses 
to these human fimpacts. The avafilable data are, however, geographficaly and taxonomficaly 
unrepresentatfive; most data are ffrom North Amerfica and Western Europe, overrepresentfing 
bumblebees and rafisfing concerns that model results may not be generalfizable to other regfions and 
taxa. To assess whether the geographfic and taxonomfic bfiases off data could undermfine effectfiveness off 
models ffor conservatfion polficy, we have colated ffrom the publfished lfiterature a global dataset off bee 
dfiversfity at sfites ffacfing land-use change and fintensfificatfion, and assess whether bee responses to these 
pressures vary across 11 regfions (Western, Northern, Eastern and Southern Europe; North, Central 
and South Amerfica; Australfia and New Zealand; South East Asfia; Mfiddle and Southern Affrfica) and 
between bumblebees and other bees. Our analyses hfighlfight strong regfionaly-based responses off total 
abundance, specfies rfichness and Sfimpson's dfiversfity to land use, caused by varfiatfion fin the sensfitfivfity 
off specfies and potentfialy fin the nature off threats. These results suggest that global extrapolatfion 
off models based on geographficaly and taxonomficaly restrficted data may underestfimate the true 
uncertafinty, fincreasfing the rfisk off ecologfical surprfises.
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Bees are one off the most fimportant groups off polfinators off economfic crops1–3, wfith both larvae and adults rely-
fing on fforal products such as polen and nectar3. Human fimpacts can reduce the dfiversfity off polfinator assem-
blages4,5 and thereffore can fimpact polfinatfion effcfiency and provfisfion. Tfis fis a partficular concern fin agrficultural 
setfings, as over 35% off the volume off human ffood crops produced globaly depend upon anfimal polfinatfion to 
some extent6. Polfinator shortages can lead to reduced crop qualfity and yfield7,8, wfith potentfialy large economfic 
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fimpacts9. Tere has thereffore been much research finto responses off bee communfitfies to human fimpacts such as 
land-use change and fintensfiffcatfion.
A number off syntheses have atempted to fidentfiffy general trends fin the response off bees to human fimpacts5,10. 
However, thefir datasets have offen been geographficaly lfimfited, wfith the majorfity off data arfisfing ffrom North 
Amerfica and Western Europe11. Te geographfic paterns off bee declfine and dfiversfity are not understood suff-
ffcfiently wel to ensure that such generalfisatfions are valfid11,12. Iff specfies’ responses to dfisturbance vary among 
regfions, geographficaly-restrficted models wfil be finadequate to support broad conclusfions. Te consequences 
off basfing management strategfies on extrapolatfions ffrom such models could be severe, as many under-studfied 
regfions have a hfigh economfic dependency upon anfimal-polfinated crops11,13 and may generaly have lfimfited 
governmental capacfity to adapt to envfironmental changes14.
Geographfic varfiatfion fin bee communfity responses could arfise because dfifferences fin land-use hfistory and 
practfices mean that the threats ffacfing assemblages dfiffer across regfions. Specfies subject to very recent dfisturbance 
may be more vulnerable, whereas extfinctfion fflters15–17 may have already removed many susceptfible specfies ffrom 
landscapes where the fintensfiffcatfion off ffarmfing started already decades ago, such as fin temperate European agrfi-
cultural landscapes. Extfinctfion debt may make maters worse stfil, fiff the fful fimpact off land-use changes fis not 
yet evfident18,19. In addfitfion, dfifferences fin landscape context across regfions can finffuence specfies’ responses. For 
finstance, Wfinffree et al.5 ffound that habfitat loss and ffragmentatfion sfignfiffcantly affected bee communfitfies, but 
only fin areas where lfitle natural habfitat stfil remafined.
Bee communfity responses may also vary regfionaly because communfity composfitfion varfies geographficaly. 
Taxa can dfiffer fin thefir fintrfinsfic susceptfibfilfity to land-use change and fintensfiffcatfion, through havfing dfifferent 
ffunctfional response trafits20–22, the dfistrfibutfion off whfich wfithfin a communfity can affect resfilfience to pressures23. A 
geographfic bfias towards North Amerfica and Western Europe has also resulted fin a taxonomfic bfias; ffor finstance, 
bumblebees (Apfidae: Bombus) are partficularly dfiverse fin these areas, whereas large areas off the world have no 
natfive bumblebee specfies (e.g., most off Affrfica and Australasfia). In addfitfion, bumblebees are large, offen abundant 
specfies wfith long fffight seasons and relatfively slow fffight, makfing them ffafirly easy to sample and, fin many cases, 
to fidentfiffy. Bumblebees may be more or less sensfitfive than other bees due to thefir ecologfical trafits and habfitat 
requfirements24, whfich have been shown to finffuence responses to human fimpacts and vulnerabfilfity to declfine25,26. 
In addfitfion, bumblebees have shown clearer declfines than other bees fin North Amerfica25 and some European 
countrfies27, so they may be atypfical off broader bee dfiversfity.
We compfiled a global dataset off bee dfiversfity ffrom publfished sources off bee assemblages fin sfites dfifferfing fin 
pressures such as land use, and used thfis to explore whether models off responses to human fimpacts are robust 
agafinst geographfic and taxonomfic bfiases. Specfiffcaly, we hypothesfized that bee responses to land-use pressures 
should vary sfignfiffcantly wfith regfion and wfith taxonomfic group (fi.e., bumblebees or other bees) and so models 
and projectfions wfil not be transfferable across regfions and taxa. Improved understandfing fin thfis area wfil help 
to clarfiffy whether knowledge based on a ffew regfions and taxa fis suffcfient to underpfin polficy decfisfions as wel as 
hfighlfight systems ffor ffuture study.
MethodsData Colatfion. Data were sought ffrom the lfiterature where bee specfies abundance and/or occurrence were 
reported ffor multfiple sfites. Sufitable papers were fidentfiffed by searchfing Web off Scfience at varfious tfimes ffrom 
2011 to 2015, as wel as searchfing journal alerts and assessfing refferences cfited fin revfiews. Papers were ffurther 
consfidered fiff more than one sfite was sampled ffor bee dfiversfity usfing the same samplfing method fin the same 
season and geographfic coordfinates off each sfite were avafilable. Papers were prfiorfitfised fiff thefir data were col-
lected ffrom February 2000 onwards, so that bfiodfiversfity data could be matched wfith remote-sensed data ffrom 
NASA’s Moderate Resolutfion Imagfing Spectroradfiometer (MODIS). Data were supplemented wfith sources ffound 
through the PREDICTS project (www.predficts.org.uk), whfich afims to develop global statfistfical models off how 
local bfiodfiversfity responds to human fimpacts28. Te database presented here fis not a comprehensfive compfilatfion 
off publfished sources on occurrence and abundance off bee specfies across sfites dfifferfing fin land use or fintensfity, 
because off regfional dfifferences fin the abfilfity to retrfieve finfformatfion about potentfial sources and because most 
researchers we contacted dfid not make thefir data avafilable. Te dataset wfil, however, stfil be usefful ffor research-
ers wfishfing to study land-use fimpacts on thfis fimportant taxonomfic group.
Where possfible we extracted sfite-level records off bee specfies (Hymenoptera: Apofidea) occurrence and abun-
dance ffrom sufitable papers, along wfith data ffor other taxonomfic groups fiff avafilable. Raw data were usualy not 
fincluded wfithfin the papers or supplementary ffles, so the papers’ correspondfing authors were asked ffor these data. 
Relevant data were avafilable ffrom 69 papers, hereaffer refferred to as ‘sources’ (Table 1). Each source contafins one 
or more studfies, where a study fis deffned as the set off samples wfithfin the same country that were taken usfing the 
same methodology. By deffnfing studfies fin thfis way, we reduce the fimpact off broad-scale bfiogeographfic dfifferences 
fin dfiversfity and avofid the conffoundfing effects off methodologfical dfifferences: wfithfin, but not between, studfies, 
dfiversfity data can be compared among sfites fin a strafightfforward ffashfion. Dfifferences fin samplfing effort wfithfin 
a study were corrected ffor when necessary by dfivfidfing abundance by the samplfing effort unfit. Tfis assumes 
a lfinear relatfionshfip between abundance and samplfing effort; generalfised addfitfive models suggested that thfis 
assumptfion was approprfiate (gamm4 package29, see Supplementary Data S1 ffor detafils). Wfithfin each study, we 
recorded any blocked or splfit-plot desfign. Te major land-use class and use fintensfity at each sfite were assessed 
based on finfformatfion fin the assocfiated paper, usfing the scheme descrfibed fin Hudson et al.28 (reproduced fin 
Supplementary Table S1). Brfieffy, land use was classfiffed as prfimary vegetatfion (natfive vegetatfion not known to 
have ever been completely destroyed), secondary vegetatfion (where the prfimary vegetatfion has been completely 
destroyed; thfis can finclude naturaly recoverfing, actfively restored, or semfi-natural sfites), cropland (planted wfith 
herbaceous crops), plantatfion fforest (planted wfith crop trees or shrubs), pasture (regularly or permanently grazed 
by lfivestock) or urban (areas wfith human habfitatfion, where vegetatfion fis predomfinantly managed ffor cfivfic or 
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Affrotropfic 3  39 77  2304
Basset et al.67 +† Gabon 2001–2002  1  12 51 (19.61%) 1806  70
Gafigher & Samways68 +† South Affrfica 2006  1  10 6 (0%) 383  nr
Grass et al.69 +†‡ South Affrfica 2011  1  17 21 (9.52%) 115  100
Australasfia 8  200  135  497
Blanche et al.70 +† Australfia 2005  2  11 8 (89.36%) 17  nr
Cunnfingham et al.71 +† Australfia 2007–2008  1  24 69 (100%) 0  nr
Lentfinfi et al.72 +† Australfia 2009–2010  1  104 36 (100%) 0  nr
Kessler et al.73 +† Indonesfia 2004–2005  1  15 9 (0%) 24  nr
Malone et al.74 †‡ New Zealand 2006–2007  1  2 9 (100%) 0  nr
Todd et al.75 +† New Zealand 2007–2008  1  20 9 (100%) 442  27.3
Rader et al.21 +† New Zealand 2008–2009  1  24 5 (100%) 20  nr
Indo-Malay 4  16 1 0
Lfiow et al.76 +†‡ Sfingapore, Malaysfia 1999  4  16 1 (0%) 0  3000
Nearctfic 16  399  242  117
Boutfin et al.77 +† Canada 2000  3  60 3 (0%) 116  nr
Rfichards et al.78 +† Canada 2003  3  18 127 (95.04%) 0  nr
Hatffeld & Lebuhn79 † Unfited States 2002–2003  1  120 13 (100%) 0  nr
McFrederfick & LeBuhn80 †‡ Unfited States 2003–2004  2  40 5 (100%) 0  nr
Shuler et al.81 +† Unfited States 2003  1  25 5 (60%) 0  nr
Wfinffree et al.82 +† Unfited States 2003  2  80 1 (0%) 0  nr
Kwafiser & Hendrfix83 + Unfited States 2004  2  18 53 (97.22%) 1  nr
Julfier & Roulston84 +† Unfited States 2006  1  20 3 (100%) 0  250
Tonfieto et al.85 +† Unfited States 2006  1  18 67 (89.55%) 0  nr
Neotropfic 16  286  436  775
Vázquez & Sfimberloff86 + Argentfina 1999, 2001 1  8 25 (52%) 104  nr
Qufintero et al.87 † Argentfina 2000–2001  1  4 14 (35.71%) 38  1280
Schüepp et al.88 +† Belfize 2009–2010  1  15 43 (100%) 65  nr
Tonhasca et al.89 +†‡ Brazfil 1997, 1999 1  9 21 (100%) 0  10
Barlow et al.90 +† Brazfil 2005  1  3 22 (75%) 0  3500
Smfith-Pardo & Gonzalez91 +† Colombfia 1997  4  48 300 (46.2%) 0  nr
Parra-H & Nates-Parra92 +† Colombfia 2003  1  26 21 (100%) 0  nr
Poveda et al.93 +† Colombfia 2006–2007  2  34 4 (0%) 468  23
Tylfianakfis et al.94 +† Ecuador 2003–2004  1  48 16 (0%) 16  71
Vergara & Badano64 +† Mexfico 2004  1  16 7 (71.43%) 8  nr
Ffierro et al.95 †‡ Mexfico 2009–2010  1  3 4 (100%) 0  346.41
Rousseau et al.96 +† Nficaragua 2011  1  72 2 (100%) 81  30
Palearctfic 64  2271  601  788
Verboven et al.97 † Belgfium 2009  1  9 6 (66.67%) 0  11.34
Bfileter et al.98 +†, Dfieköter 
et al.99 +† and Le Féon et al.100 +†
Belgfium, Czech Republfic, 
Estonfia, France, Germany, 
Netherlands, Swfitzerland
2001–2002  14  873 276 (98.46%) 7  nr
Kruess & Tscharntke101 + Germany 1996  2  34 17 (100%) 18  nr
Meyer et al.102 +† Germany 2000, 2005 2  30 14 (75%) 8  34.51
Dfieköter et al.103 † Germany 2001  1  124 2 (100%) 0  353.55
Meyer et al.104,105 +† Germany 2004  1  32 109 (100%) 75  nr
Herrmann et al.106 †‡ Germany 2005  2  26 1 (100%) 0  800
Holzschuh et al.107 + Germany 2007  2  134 3 (33.33%) 1  100
Wefiner et al.108 + Germany 2007  1  29 59 (100%) 460  333
Nfielsen et al.109 +†‡ Greece 2004  4  32 1 (0%) 0  nr
Power & Stout110 +† Ireland 2009  1  20 9 (88.89%) 24  1200.24
Davfis et al.111 †‡ Ireland, Unfited Kfingdom 2005, 2007, 2008, 2009 1  12 1 (100%) 0  nr
Quaranta et al.112 +† Italy 2000  1  2 31 (100%) 0  200
Yo o n et al.113 Korea, Republfic off 2000–2012  1  215 6 (100%) 1  nr
Kohler et al.114 +† Netherlands 2004–2005  4  19 26 (95.48%) 56  1500
Contfinued
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personal amenfity). Use fintensfity was classfiffed accordfing to a three pofint scale: low, medfium and hfigh fintensfity. 
For finstance, hfigh-fintensfity cropland would be monocultures wfith many sfigns off fintensfiffcatfion such as large 
ffelds wfith hfigh levels off external finputs, firrfigatfion and mechanfisatfion; medfium fintensfity cropland would only 
show some, but not al, ffeatures off hfigher fintensfity cropland; low-fintensfity would reffer to smal ffelds wfith mfixed 
crops and lfitle to no external finputs, firrfigatfion or mechanfisatfion. In one data source, finfformatfion on the use 
fintensfity was unavafilable at the sfite-level, so finfformatfion at the landscape level was used.
Te dataset contafined 111 studfies ffrom 69 sources and 3211 wfithfin-study sfites (Table 1). Tfis amounted to 
195,357 specfies dfiversfity measurements (fi.e., bee taxa and other taxa, Table 1), fincludfing 107,176 measurements 
off bee dfiversfity (a sfingle measurement befing, ffor example, the abundance off a gfiven specfies at a gfiven sfite; see 
Supplementary Data S2 ffor specfies lfist).
Analysfis. For thfis analysfis, we dfid not finclude studfies that recorded only partficular target specfies (ffor 
finstance, studfies that were only finterested fin the abundance off a sfingle specfies across sfites), so that sfite-level 
dfiversfity measures would be meanfingfful. Te ffnal dataset ffor the analysfis fincluded 101,524 dfiversfity records 
ffrom 837 bee specfies at 2421 sfites ffrom across the globe (North Amerfica: 239 sfites; Central Amerfica: 103; South 
Amerfica: 176; Western Europe: 1211; Northern Europe: 325; Eastern Europe: 64; Southern Europe: 50; Mfiddle 
and Southern Affrfica: 39; South Eastern Asfia: 31; Australfia and New Zealand: 183). In thfis reduced dataset, many 
combfinatfions off land use and use fintensfity had too ffew sfites to permfit robust modelfing. Te data were there-
ffore aggregated to gfive a varfiable off combfined Land Use and Intensfity (LUI) wfith the ffolowfing levels: prfimary 
vegetatfion, secondary vegetatfion, low-fintensfity cropland, medfium-fintensfity cropland, hfigh-fintensfity cropland, 
pasture, plantatfion fforest and urban. Al LUI levels had at least 170 sfites, except ffor plantatfion fforest and urban 
areas, whfich were scarce fin the dataset wfith only 105 and 94 sfites respectfively. Sfites were also classfiffed by regfion 
and subregfion (accordfing to Unfited Natfions classfiffcatfions), wfith Mfiddle and Southern Affrfica combfined finto a 
sfingle category to fincrease the sample sfize.
For each sfite, we calculated three measures off bee communfity dfiversfity as our response varfiables: total abun-










Goulson et al.115 † Poland 2006  1  32 22 (100%) 0  200
Mudrfi-Stojnfic et al.116 +†‡ Serbfia 2011  1  16 55 (100%) 8  nr
Öckfinger & Smfith117 Sweden 2004  1  36 11 (100%) 64  800
Franzén & Nfilsson118 +† Sweden 2005  1  16 83 (100%) 43  nr
Samnegård et al.119 +† Sweden 2009  1  9 31 (100%) 0  90
Oertlfi et al.120 +† Swfitzerland 2001–2002  1  7 237 (100%) 0  2000
Albrecht et al.121 + Swfitzerland 2003–2004  2  202 75 (100%) 0  nr
Farwfig et al.122 +† Swfitzerland 2008  1  30 1 (0%) 0  nr
Schüepp et al.123 +† Swfitzerland 2008  1  30 11 (72.73%) 69  0.2
Darvfil et al.124 † Unfited Kfingdom 2001  1  17 3 (66.67%) 0  100
Marshal et al.125 +† Unfited Kfingdom 2003  2  84 25 (100%) 0  nr
Hanley (2005, unpublfished 
data)† Unfited Kfingdom 2004–2005  1  6 11 (100%) 0  1000
Knfight et al.126 †‡ Unfited Kfingdom 2004  1  12 1 (100%) 0  3.16
Connop et al.127 †‡ Unfited Kfingdom 2005  1  5 2 (100%) 0  nr
Goulson et al.128 † Unfited Kfingdom 2007  1  14 2 (100%) 0  200.25
Hanley et al.129 † Unfited Kfingdom 2007–2010  1  34 6 (100%) 0  200.04
Blake et al.130 † Unfited Kfingdom 2008–2010  2  6 8 (75%) 2  90
Redpath et al.131 † Unfited Kfingdom 2008  1  11 7 (85.71%) 0  nr
Bates et al.132 +† Unfited Kfingdom 2009–2010  1  24 58 (100%) 50  56.6
Osgathorpe et al.133 † Unfited Kfingdom 2009–2010  2  45 11 (90.91%) 1  nr
R. E. Fowler (PhD thesfis, 
2014)+† Unfited Kfingdom 2011–2012  1  36 75 (100%) 0  nr
Hanley (unpublfished data, 
2011)+† Unfited Kfingdom 2011  1  8 23 (82.61%) 110  nr
Table 1.  Data sources and sample sfizes. mMLE = largest Maxfimum Lfinear Extent (fin meters) off any sfite fin 
the source. MLE fis the maxfimum dfistance between samplfing pofints wfithfin a sfite, e.g. the length off a transect or 
the dfistance between pan traps. nr = not reported. Numbers off taxa are the numbers off unfique taxa ffor whfich 
dfiversfity measurements are gfiven (so, fiff dfiversfity measurements are avafilable only ffor al bees combfined, thfis 
would count as one taxon). Te percentage off bee specfies wfith a known bfinomfial name fis also gfiven (% bfinomfial). 
Note that the ffgures here represent avafilable data as curated by the PREDICTS team; these wfil not necessarfily 
match ffgures fin the orfigfinal papers. +Data were used fin the presented analysfis. †Data wfil be fincorporated finto 
the PREDICTS database (whfich wfil be made openly avafilable). ‡Data are avafilable ffrom the refferenced paper. For 
al other datasets, please contact the correspondfing author off that paper dfirectly.
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∑= −D P1 (1)fi2
where Pfi fis the proportfion off findfivfiduals belongfing to specfies fi. We use Sfimpson’s dfiversfity as fit stabfilfises ffaster than specfies rfichness and other dfiversfity measures as specfimens accumulate30.
As total abundance measurements are not necessarfily fintegers (e.g. densfitfies and effort-corrected measures), 
use off the Pofisson error structure was not possfible, so total abundance was ln + 1 transfformed beffore model-
lfing to normalfise resfiduals and equalfise varfiance. Total abundance and Sfimpson’s dfiversfity were modeled usfing 
Gaussfian errors (model-checkfing showed that these treatments were approprfiate). Specfies rfichness was mod-
eled wfith Pofisson error dfistrfibutfion and log-lfink ffunctfion; there was evfidence off sfignfiffcant overdfispersfion fin 
these models so an observatfion-level random effect was fincluded to account ffor thfis (fi.e., a Pofisson-lognormal 
model)31.
Al analyses were carrfied out usfing R 3.1.032. We constructed models ffor each response varfiable, usfing 
mfixed-effects models (lme4 package33) to account ffor non-findependence off data due to dfifferences fin colectors 
(‘source’), samplfing methodologfies and bfiogeographfic source pools (‘study’) and the spatfial structure off sfites 
(‘block’); the finfitfial random-effects structure was thereffore block nested wfithfin study wfithfin source. Te finfitfial 
ffxed-effects structure off models fincluded LUI, subregfion and thefir finteractfion. Subregfion fis treated as a ffxed 
rather than random effect as we are finterested fin testfing the effect, rather than sfimply estfimatfing the varfiance 
assocfiated wfith geographfic subregfion. We test dfifferences fin responses to LUI among subregfions rather than 
assessfing how responses vary wfith the latfitude and longfitude off sfites, as subregfions represent polfitfical dfifferences 
fin land-use paterns and data avafilabfilfity, as wel as to some extent reffectfing bfiogeographfical dfifferences fin com-
munfity composfitfion.
Te best random-effects structure was assessed usfing lfikelfihood ratfio tests34, wfith models fft usfing Restrficted 
Maxfimum Lfikelfihood ffor total abundance and Sfimpson’s dfiversfity, and Maxfimum Lfikelfihood ffor specfies rfich-
ness. We then atempted to sfimplfiffy the ffxed-effects structure usfing backwards stepwfise model sfimplfiffcatfion and 
lfikelfihood ratfio tests, wfith models fft usfing Maxfimum Lfikelfihood34–36. Sfignfiffcance off terms fin the mfinfimum ade-
quate models were assessed usfing Type II Wald Chfi Square Tests37. However, to beter apprecfiate the uncertafinty 
fin the models38, fiff the finteractfion between LUI and subregfion remafined fin the mfinfimum adequate model, we also 
constructed the ffolowfing models: addfitfive model (wfith LUI and subregfion fincluded as addfitfive effects); LUI only 
(unfivarfiate model); and subregfion only (unfivarfiate). We then compared the explanatory power and predfictfive 
error off the finteractfive model wfith these sfimpler alternatfives.
Explanatory power was calculated usfing the MuMIn package fin R39, as the margfinal and condfitfional R2glmm 
values: fi.e., the varfiance explafined by ffxed effects alone and by ffxed and random effects combfined, respectfively40. 
Predfictfive error was calculated as the Mean Squared Error (MSE) ffrom ten-ffold cross valfidatfion, where the model 
was fiteratfively fft to nfine-tenths off the data (trafinfing set), and valfidated on the ffnal tenth (valfidatfion set); we dfid 
thfis by randomly assfignfing sfites finto ten approxfimately equal-sfized groups41. As the data are structured, the trafin-
fing data may not be ffuly findependent off the valfidatfion data42, but any bfias fin predfictfion error that thfis causes wfil 
apply equaly to al models befing compared as the random effect structures are fidentfical. In addfitfion, some com-
bfinatfions off explanatory varfiables only occur fin ffew studfies or sources; splfitfing the dataset by these hfigher-level 
strata would mean that some combfinatfions would rarely appear fin the trafinfing data, leadfing to overestfimates off 
predfictfive error. MSE was decomposed finto measures off bfias and varfiance, whfich gfive an findficatfion off the accu-
racy and precfisfion off predfictfions respectfively43 (See Supplementary Methods ffor detafils).
Te dataset was then subset to finclude only studfies where both bumblebees (Apfidae: Bombus) and other bees 
were sampled (bumblebees contrfibuted over 19% off the bee abundance records); thfis resulted fin 1636 sfites ffrom 
47 studfies. We calculated the sfite-level dfiversfity measures separately ffor each group and ffted the finfitfial model 
wfith a three-way finteractfion between LUI, subregfion and taxonomfic group (Bombus or otherwfise). Te finfitfial 
random structure was as above, but fincluded a sfite-level random effect to account ffor multfiple samples (bum-
blebees and other bees) befing taken ffrom the same sfite. As above, we ffrst atempted to sfimplfiffy the finfitfial model 
(both fin terms off random effects and then ffxed effects) and, fiff the finfitfial three-way finteractfion remafined fin the 
model, compared the explanatory power and predfictfive error wfith sfimpler models, where responses to LUI were 
permfited to vary wfith subregfion (LUI, subregfion and thefir finteractfion) or wfith taxonomfic group (LUI, taxo-
nomfic group and thefir finteractfion).
To ffurther understand heterogenefity fin communfity response to LUI, planned comparfisons were perfformed 
(multcomp package44). Wfithfin each subregfion (and each taxonomfic group, fiff assessed), we tested ffor dfiffer-
ences between natural vegetatfion (prfimary vegetatfion) and al other land uses; between semfi-natural vegetatfion 
(secondary vegetatfion) and al other land uses (except prfimary); whether low-fintensfity cropland dfiffered ffrom 
medfium-fintensfity cropland; and whether medfium-fintensfity cropland dfiffered ffrom hfigh-fintensfity cropland. To 
avofid rank-deffcfiency, LUI and subregfion were colapsed finto a sfingle ffactor fin these models. Not al comparfisons 
were possfible fin al subregfions. Multfiple comparfisons were corrected ffor usfing the False Dfiscovery Rate method 
to adjust sfignfiffcance values45,46.
An alpha value off 0.05 was used fin al tests ffor sfignfiffcance. Spatfial autocorrelatfion was assessed fin resfiduals 
off mfinfimum adequate models usfing Moran’s I, ffor each study fin turn (spdep package47,48). As multfiple tests are 
carrfied out, we expect 5% off these to be sfignfiffcant by chance so we addfitfionaly test whether the proportfion off 
studfies showfing autocorrelatfion exceeds thfis expected proportfion (usfing a one-sfided Chfi squared test).
Results
For total abundance, Sfimpson’s dfiversfity and specfies rfichness, the mfinfimum adequate models were those fin 
whfich responses to LUI were ffree to vary among geographfic subregfions. Tese models also always had the great-
est explanatory power and were always among the models havfing the lowest predfictfive error (Ffig. 1). Overal, 
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Ffigure 1. Te predfictfive error and explanatory power off models that finclude only the fintercept (NULL), 
LUI alone, subregfion alone, addfitfive effects, or finteractfive effects. LUI = Land Use and Intensfity. For 
explanatory power, solfid bars show the margfinal R2glmm (the varfiance explafined by ffxed effects) and the 
hashed bars show the condfitfional R2glmm (the varfiance explafined by both random and ffxed effects). Error bars 
show the standard error off the mean predfictfive error across 10 ffolds off cross valfidatfion. Note that the predfictfive 
error should only be compared among models assessfing the same response varfiable, as absolute values depend 
on the measurement scale.
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however, explanatory power off ffxed effects alone was ffafirly low, wfith most varfiatfion finstead befing atrfibuted to 
random effects, whfich fis not surprfisfing gfiven the varfiatfion fin samplfing methodology and effort among studfies 
and sources.
For total abundance, the finteractfion between LUI and subregfion explafined a hfighly sfignfiffcant amount off 
varfiatfion (χ2 = 133.15, dff = 27, p < 0.0001) (Ffig. 2), whfich resulted fin thfis model havfing the lowest predfictfive 
error compared to sfimpler models. Te finteractfion between LUI and subregfion was also sfignfiffcant ffor Sfimpson’s 
dfiversfity (χ2 = 66.48, dff = 27, p < 0.0001) and specfies rfichness (χ2 = 96.41, dff = 27, p < 0.05), although the predfic-
tfive error was not much lower than ffor models based on subregfion alone. In al cases, the finteractfive model had 
slfightly hfigher bfias than some sfimpler models, but the lowest varfiance (See Supplementary Table S2).
As Ffig. 2 shows, the response off total bee abundance to land use dfiffers sfignfiffcantly among regfions. In Western 
Europe, agrficultural land mafintafined hfigher bee abundances than secondary vegetatfion (low-fintensfity cropland: 
z = 8.21; medfium-fintensfity cropland: z = 5.33; hfigh-fintensfity cropland: z = 9.19; al p < 0.0001; pasture: z = 4.18, 
p = 0.012). Low-fintensfity cropland also mafintafined hfigher dfiversfity than secondary vegetatfion (Sfimpson’s dfiver-
sfity: z = 4.22, p = 0.017) and medfium-fintensfity cropland (Sfimpson’s dfiversfity: z = − 5.68, p < 0.0001; Specfies rfich-
ness: z = − 4.82, p = 0.0015).
In South Amerfica, bees were more sensfitfive to agrficultural land uses: medfium-fintensfity cropland mafintafined 
sfignfiffcantly lower Sfimpson’s dfiversfity than secondary vegetatfion (z = − 5.15,  p = 0.00029). Urbanfizatfion had dfiff-
fferfing effects between subregfions, wfith fincreased specfies rfichness (z = 5.29, p = 0.00022) fin Mfiddle and Southern 
Affrfica, but no strong effect detected elsewhere.
When the dataset was splfit by taxon (Bombus vs. others), the best models ffor each response varfiable accord-
fing to lfikelfihood ratfio tests fincluded sfignfiffcant three way finteractfions between LUI, subregfion and taxon (total 
abundance: χ2 = 217.9,  dff = 13, p < 0.0001; Sfimpson’s dfiversfity: χ2 = 27.62,  dff = 13, p = 0.0102; specfies rfichness: 
χ2 = 76.08, dff = 13, p < 0.0001). Tese models also had the greatest explanatory power and lowest predfictfive error, 
compared wfith sfimpler models (Ffig. 3); ffor total abundance, the lower predfictfive error was drfiven by both lower 
Ffigure 2. Predficted means off total (logged) abundance off bees ffor dfifferent land-use classes fin each 
subregfion, wfith 95% conffdence fintervals. Also shown are sfignfiffcant results off multfiple comparfisons, testfing 
dfifferences between natural (Prfimary vegetatfion) and semfi-natural land uses (Secondary vegetatfion) to human-
domfinated land uses, and dfifferences between low, medfium and hfigh fintensfity cropland (*p < 0.05 ,* *p < 0.01 ,
* * * p < 0.001).
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Ffigure 3. Te predfictfive error and explanatory power off models that finclude three way finteractfions 
between LUI, subregfion and taxon (Bombus or not), and models wfith two way finteractfions between LUI 
and taxa, or LUI and Subregfion. LUI = Land Use and Intensfity. For explanatory power, solfid bars show the 
margfinal R2glmm (the varfiance explafined by ffxed effects) and the hashed bars show the condfitfional R2glmm 
(the varfiance explafined by both random and ffxed effects). Error bars show the standard error off the mean 
predfictfive error across 10 ffolds off cross valfidatfion. Note that the predfictfive error should only be compared 
among models assessfing the same response varfiable, as absolute values depend on the measurement scale.
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bfias and varfiance, whfile ffor Sfimpson’s dfiversfity and specfies rfichness, the slfightly hfigher bfias was offset by lower 
varfiatfion (See See Supplementary Table S2).
Planned comparfisons provfided more detafil finto these context- and taxon-specfiffc dfifferences fin response 
to human fimpacts. In Western Europe, bumblebees and other specfies respond sfimfilarly fin terms off total abun-
dance, whfich was hfigher fin cropland than fin secondary vegetatfion (e.g. fin low-fintensfity cropland, Bombus: 
z = 6.85, p < 0.0001; other specfies: z = 9.33, p < 0.0001). However, bumblebee specfies rfichness tended to be 
hfigher fin low-fintensfity cropland than secondary vegetatfion (z = 4.68, p = 0.004), whfich was not true ffor other 
bees (z = 1.96, n.s.). Increasfing agrficultural fintensfity also resulted fin a declfine fin specfies rfichness, but the response 
was consfistent across taxa: low-fintensfity cropland mafintafined hfigher rfichness than medfium-fintensfity cropland 
both fin bumblebees (z = − 4.30, p = 0.016) and other bees (z = − 3.75, p = 0.042).
Bumblebees also responded dfifferently ffrom other bee specfies fin North Amerfica. Bombus specfies rfichness 
was lower fin secondary vegetatfion relatfive to prfimary vegetatfion (z = − 3.93, p = 0.027), but thfis was not true ffor 
other bees (z = 0.86, n.s.); sfimfilarly, total abundance was slfightly lower ffor bumblebees (z = 3.64, p = 0.064) but 
not other specfies (z = 0.45, n.s.). However, other genera fin North Amerfica appeared to be relatfively more sensfi-
tfive to medfium-fintensfity cropland, wfith reduced specfies rfichness relatfive to both prfimary vegetatfion (z = − 3.90, 
p = 0.027) and secondary vegetatfion (z = − 3.33, p = 0.017). Other genera were also more sensfitfive to urban areas, 
wfith reduced specfies rfichness fin urban sfites relatfive to prfimary vegetatfion (z = − 3.99, p = 0.027), whfile bumble-
bees showed no sfignfiffcant response (z = − 2.5,  n.s.).
Te number off studfies showfing sfignfiffcant autocorrelatfion was not sfignfiffcantly hfigher than the 5% expected 
by chance (See See Supplementary Table S3 ffor detafils).
Dfiscussfion
Bees are ffacfing declfines across the globe as a result off changfing and fintensfiffyfing land use4,17,49. Detafiled statfistfical 
models that relate bee dfiversfity to drfivers off change have the potentfial to finfform mfitfigatfion and conservatfion 
efforts and to help saffeguard ffood securfity. However, the transfferabfilfity off models based on restrficted data to other 
regfions and taxa fis not guaranteed11,50. Iff responses to threats are context dependent, extrapolatfion ffrom wel 
known study systems could carry sfignfiffcant rfisks ffor bfiodfiversfity and ffood securfity. Te areas where ffood produc-
tfion fis most hfighly dependent upon anfimal polfinatfion are also those ffor whfich the ffewest data are avafilable11,13,51, 
due to a lack off finffrastructure and ffundfing fin many areas off the world11. Tese same areas are offen poorly buffered 
agafinst the dfisruptfion off ecosystem servfice provfisfion ffrom whatever cause, meanfing that effects off any ecologfical 
surprfises on human wel-befing could be more severe here than elsewhere. We have shown that bee commu-
nfity responses to land-use change and agrficultural fintensfiffcatfion can findeed be hfighly context-dependent, but 
whether thfis fimpacts the transfferabfilfity off models depends on the ffacet off dfiversfity that fis off finterest.
Te response off total abundance, Sfimpson’s dfiversfity and specfies rfichness off bee communfitfies to land use and 
fintensfity (LUI) varfied sfignfiffcantly wfith geographfic regfion, fin lfine wfith our hypotheses and wfith prevfious work 
fin tropfical regfions52. For al response varfiables, the greatest predfictfive abfilfity could only be achfieved by alowfing 
regfional varfiatfion fin responses to LUI; at the very least, fit was necessary to alow regfional varfiatfion fin baselfine 
dfiversfity. Tfis suggests that conclusfions based on geographficaly restrficted data cannot relfiably be generalfized to 
other regfions. Indeed, bee communfity responses to agrficultural fintensfiffcatfion varfied between regfions; only fin 
Western Europe was there an evfident declfine fin dfiversfity wfith fincreasfing use-fintensfity off cropland, fin lfine wfith 
prevfious suggestfions that agrficultural land-use fintensfity fis more fimportant fin temperate than fin tropfical or sub-
tropfical systems10. Te most negatfive fimpact off agrficulture, however, was seen fin South Amerfica, where Sfimpson’s 
dfiversfity was sfignfiffcantly lower than fin secondary vegetatfion; thfis fis congruent wfith a prevfious meta-analysfis by 
Gfibson et al.52 that ffocussed on tropfical areas. Te effects off urbanfisatfion lfikewfise depended on the subregfion—
wfith fincreased abundance fin Affrfica but ffew effects seen elsewhere—but these finfferences were based on relatfively 
ffew data. More data ffrom more regfions are needed to beter understand the fimpact off urbanfisatfion on bee com-
munfitfies and assocfiated ecosystem servfices53.
It fis lfikely that the geographfic varfiatfion fin responses fis fin part due to dfifferences fin communfity composfitfion11, 
as we ffound that taxonomfic bfiases towards bumblebees, whfich ffrequently domfinate datasets geographficaly lfim-
fited to North Amerfica and Western Europe, can mask the responses off other specfies. In Western Europe, ffor 
finstance, bumblebees had hfigher specfies dfiversfity fin low-fintensfity cropland than fin secondary vegetatfion, whfile 
other bee specfies dfid not show the same effect. Bumblebees have longer fffight dfistances than many smaler bees, 
so may be beter able to persfist fin more human-domfinated land-uses, where fforagfing resources tend to be ffurther 
ffrom nestfing sfites22, and can benefft ffrom mass-ffowerfing crops such as ofilseed rape54.
Te effect off taxonomfic group on responses to LUI also dfiffered between subregfions, suggestfing that other 
ffactors may also affect generalfitfies. For finstance, geographfic varfiatfion fin the nature off threats may be fimpor-
tant. Although our land-use fintensfity classfiffcatfion fis applfied fin an equfivalent ffashfion across regfions, fit remafins 
extremely coarse. For example, hfigh-fintensfity cropland may be more fintensfive fin Western Europe than fin South 
Amerfica, wfith regards to some pressures (e.g., pestficfide load55) but potentfialy not others (e.g. spatfial extent 
off monocultures). Such varfiatfion fin agrficultural fintensfiffcatfion among regfions (even wfithfin the same land-use 
fintensfity class) could fin part be drfivfing observed regfional dfifferences fin bfiodfiversfity responses. More detafiled 
data on dfifferent aspects off land-use fintensfity, such as pestficfide load and ffertfilfizer applficatfion rates, as wel as data 
on the landscape structure, would enable a more robust and precfise analysfis off how responses vary across regfions. 
Tfis lfimfitatfion stfil hfighlfights, however, that models mostly underpfinned by data ffrom regfions wfith a long and 
fintensfive hfistory off cultfivatfion are unlfikely to provfide meanfingfful finfferences ffor many other regfions off the world.
Varfiatfion fin response among regfions could also be drfiven by dfifferences fin communfity composfitfion and 
thereffore fin the dfistrfibutfion off trafits that may conffer resfistance or resfilfience to human fimpacts. Prevfious work has 
shown that trafit-based models off specfies dfistrfibutfions are only transfferable—even wfithfin a subregfion—when land 
cover fis sfimfilar56. Transfferabfilfity acros subregfions fis lfikely to be even more dfiffcult: varfiabfilfity fin the sensfitfivfity 
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off bee communfitfies wfil be finffuenced by a complex finteractfion between the trafit dfistrfibutfion (and phylogeny) 
across communfitfies and varfiatfion fin the threats they fface. For finstance, fin a global analysfis, specfies that reproduce 
socfialy were more vulnerable to fisolatfion and pestficfide use than solfitary specfies, but were less sensfitfive to tfilage 
and agrficultural fintensfity than solfitary specfies20; however, bees that reproduce solfitarfily are more common fin 
temperate areas than the tropfics57, whfile the dfistrfibutfion off these pressures also vary regfionaly55. Whfile we only 
assessed how a sfingle aspect off communfity composfitfion may finffuence results (bumblebees vs other bees), ffurther 
work finto phylogenetfic paterns off sensfitfivfity may help to dfisentangle these two mechanfisms that may be drfivfing 
regfional varfiatfion fin responses. Another fimportant extensfion to our work would be to explore the finteractfion off 
multfiple threatenfing processes, as the pressures ffaced by bee communfitfies can vary regfionaly58. For finstance, 
competfitfion wfith fintroduced specfies and ffragmentatfion are lfikely to be more fimportant drfivers off natfive bee 
dfiversfity fin the Neotropfics than fin temperate regfions59. Whfile fit was not the ffocus off thfis work, a spatfialy-explficfit 
analysfis off latfitudfinal gradfients fin vulnerabfilfity to land-use pressures may be an finterestfing avenue ffor ffurther 
research, potentfialy hfighlfightfing other ffactors off the envfironment or communfity structure that could contrfibute 
to geographfic varfiatfion fin sensfitfivfity. For example, specfies rfichness off bees peaks at approxfimately 35° latfitude, fin 
dry, Medfiterranean clfimates60, rather than fin the tropfics (as fis the case ffor many other groups61) and thfis varfiatfion 
fin baselfine dfiversfity may alter both actual and detected responses to human fimpacts.
Although our dataset fincludes over 2000 sfites ffrom ffve contfinents, fit fis not a comprehensfive compfilatfion off 
publfished sources and fis stfil both geographficaly and taxonomficaly bfiased. Affrfica and Asfia fin partficular are stfil 
poorly represented and as a consequence we may stfil be underestfimatfing the uncertafinty fin bee responses to land 
use fin these regfions. Even bfiomes that have hfigh bee dfiversfity are underrepresented; ffor example, only sfix studfies 
were fin the Medfiterranean bfiome although bee specfies rfichness tends to peak at thfis latfitude60. In addfitfion, the 
explanatory power off ffxed effects was ffafirly low, as most varfiatfion fin dfiversfity fis explafined by methodologfical 
dfifferences between studfies and sources fin most models. Nonetheless, our analysfis has fimportant fimplficatfions 
ffor polfinator research and conservatfion actfion. We show that results based on geographficaly and taxonomficaly 
restrficted datasets may not be transfferable to other regfions. Responses vary across regfions due to a combfinatfion 
off dfifferences fin the finherent vulnerabfilfity off specfies and varfiatfion fin the nature off threats. Te provfisfion off 
polfinatfion servfices can be finffuenced by the abundance62,63, specfies dfiversfity64 and specfies rfichness64–66 off bee 
communfitfies, although the relatfive fimportance off each ffacet off dfiversfity appears to vary wfith study system62,64. 
Tereffore, fiff we are to saffeguard polfinators and the servfices they provfide, research effort to enhance the repre-
sentatfiveness (fiff not the amount) off avafilable data wfil be needed to make context-dependent recommendatfions 
and to beter understand the state off polfinatfion servfices worldwfide.
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